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ABSTRACT 


The  potential  energy  curves  for  the  interactions  between  hydrogen  ions 

(H+,  Hg+)  and  CH^,  CgHg,  CF^,  and  CgFg  have  been  determined  from  the  elastic 
scattering  cross  section  measurements  of  Simons  and  coworkers.  The  scattering 
measurements  indicate  no  minimum  in  the  H+-CH1+  potential  curve  as  one  might 
expect  from  the  fact  that  mass  spectrographie  results  indicate  a  proton 
affinity  of  5  ev  for  CH^.  Reasons  are  suggested  why  no  minimum  is 
indicated. 

Various  crude  semi -empirical  schemes  are  suggested  for  correlating 
the  potential  curves  for  the  different  interaction  systems.  All  suggested 
sahemes  are  tested  on  the  experimental  results  and  are  found  to  reproduce 
the  measured  potentials  to  within  a  factor  of  two. 


*  This  research  has  been  supported  in  part  by  the  National  Aeronautics 
and  Space  Administration. 
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The  present  paper  reports  on  the  results  of  sons  calculations  of 

short-range  forces  So tween  hydrogen  lens  (H+,  a,4)  and  polyatomic  neleeulos. 

*  12 

The  elastlo  scattering  neasuresents  of  hydrogen  ions  in  CH^,  GgHg,  C 
and  G gF^'hste  Seen  used  to  determine  the  parameters  in  assumed  feroe  laws* 

The  potential  functions  so  obtained  hare  then  been  used  as  a  basis  in  Judging 
various  semi -empirical  schemes  to  obtain  feroes  between  lens  and  complicated 
polyatomic  molecules* 

Potential  curve  information  can,  of  course,  be  obtained  from  the  ah 
initio  calculations  ef  molecular  quantum  mechanics *  unfortunately,  this' 
approach  is  still  too  complicated  to  be  practicable  for  any  but  the  simplest 
systems.  One  such  study  was  nsde  ef  the  greund  state  of  pretemated  methane, 
CH^*,  by  Thnasakl1*  acoerding  te  a  revlatd  Heltlcr-Lendes-Slater-Psullng 
nathod.  The  eztenalem,  however,  ef  a  study  like  this  te  even  elightly  mere 
cempl lasted  systems  involves  assumptions  that  sevsrely  qualify  ths  results* 
less  accurate  atudles  hare  also  been  made,  such  as  the  Simple  U10-K0  caleu- 
latlona  on  CH^+  by  Higuchi,^  Here  the  discrepancy  between  the  calculated 
proton  affinity  and  the  experimentally  observed  value  seems  unavoidable  In 
light  ef  the  roughly  approximated  JfOTe.  In  lieu  of  necessary  refiaemests  in 
such  studies,  indirect  and  semi -empirical  methods  are  of  tan  necessary  and 
dealrable. 

In  tha  present  study,  various  scnl-emplrical  sehsnes  te  eerreiate 
the  experimental  potential  curvet  far  the  various  interacting  species  west 
tried.  The  meat  sophist ioated  scheme  used  was  to  assume  that  tha  ien-meleoule 


potential  waa  due  simply  te  the  sun  of  tho  potentials  between  the  Ion  and 

the  peripheral  atoms  of  the  molecule .  This  fellows  s  suggestion  node  earlier  ? _ 

by  Andur  and  ceworkers^  in  their  treatment  ef  ths  interactions  of  Bo  with  □ 

S' 

CH^  and  CF^«  With  this  assumption  it  has  been  possible  to  predict  for  example  q 

tho  potential  curve  from  s  knowledge  of  ths  H+-CH^  potential  curve*  L- - 

The  came  scheme  was  used  to  predict  with  surprising  aoeureey  the  H+«CgFg, 
h2+-C2h6,  and  H2+*C2F6  potentials  fren  tho  H+-CFlf,  B^-CH^  and  B^-CB^ 

...  r--  f.  .  Codes 

jjfcvfiii.  aiid/or 
Pist  I  Special 
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potentials,  respectively. 

The  second  general  scheme  used  was  to  assume  that  CgHg  and  CgFg  behaved 
like  diatomic  molecules  and  that  the  ion-molecule  potential  was  Just  the  sum  of 
interactions  between  the  ion  and  two  point  centers  of  forces  which  were  taken 
to  be  CH^  or  CF^  molecules,  respectively.  This  approach  also  gave  surprisingly 
good  agreement  with  the  experimental  curves. 

The  third  and  crudest  scheme  was  to  assume  not  only  that  CgHg  and  CgFg 
behaved  like  diatomic  molecules  but  also  that  the  Hg+  acted  as  a  single  point 
center  of  force.  In  this  way,  the  Hg+-CgHg  and  Hg+-CgFg  potentials  were 
calculated  from  the  Hg+-CH^  and  H2+-CFiv  potentials,  respectively,  with  results 
comparable  to  the  previous  two  approaches. 

POTENTIALS  FROM  ELASTIC  SCATTERING  CROSS  SECTIONS 
1-5 

Simons  and  coworkers  analysed  their  scattering  measurements  for  the 

systems  of  Interest  under  the  assumption  that  the  potentials  were  monatohlo 

7 

attractive  inverse  power  ones.  Such  an  assumption  appears  quite  unreasonable1 
at  intemuclear  distances  of  1.5  to  3.0A,  the  range  of  distance  covered  by 

their  experiments! 

—1/2  — 

Plots  of  S  vs  log  W,  where  S  is  the  measured  elastic  crOss 
section  and  V  Is  the  beam  energy,  were  linear  within  experimental  error  for 
each  of  the  reacting  Bystems  studied.  This  suggested  that  a  simple  expo¬ 
nential  potential  function  (assumed  to  be  repulsive)  would  explain  the 

7 

scattering  measurements  over  the  range  of  energy  studied.  Hence,  the  usual 
procedure^  was  followed  in  evaluating  the  parameters,  VQ  and  a  In  the  potential 
expression 

T(r)  =  V„  (1) 

for  each  of  the  systems  under  consideration.  The  potential  functions  obtained 
and  their  range  of  validity  are  tabulated  in  Table  I. 
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THE  POTBMTIAL 

Soma  remarks  should  be  made  about  the  H+-CH^  potential  determined 
from  these  scattering  measurements.  As  mentioned  above,  the  experimental 
results  Indicated  that  the  potential  was  of  an  exponential  fora  which  we 
have  assumed  to  be  repulsive. 

Q 

On  the  other  hand,  mass  spectrographlc  measurements  Indicate  that 

CTHt,"  Is  a  stable  species  with  a  binding  energy  of  more  than  5  ev.  Yamasaki's 

p  k 

theoretical  calculations  are  In  substantial  agreement  with  this  estimate. 
However,  It  does  not  seem  possible  to  explain  the  scattering  measurements  for 
the  H+-CH^  system  on  the  basis  of  a  bound  state  with  a  proton  affinity  of  5  ev. 
The  curve  of  log  3  vs  log  V  does  not  shew  the  curvature  one  would  expect  from 
scattering  due  to  a  potential  curve  with  such  a  deep  minimum.^  Indeed  our 
attempts  to  fit  the  scattering  results  with  a  Morse  function  model  led  to 
physically  ridiculous  parameters.  One  possible  explanation  would  be  that 

.  t 

the  CH^  molecule  does  not  have  time  to  rearrange  Itself  .'from  a  tetrahedron 
towards  the  trigonal  bipyramid  structure  of  CH^+  as  the  faBt  moving  H+ 
approaches,  so  that  the  normal  CH^+  curve  Is  not  followed. 

Also,  the  H+  seeB  all  possible  orientations  of  the  CH^  molecules  as 
it  approaches  and  It  Is  likely  that  only  relatively  few  directions  of  approach 
would  follow  the  normal  CH^+  bound  curve.  For  purposes  of  explaining  the 
present  experiments  It  appears  as  If  the  CH^  is  "frozen"  in  its  normal 
configuration  during  the  scattering. 

CgHg  and  CgFg  Potentials  from  Effective 
H^-H  and  H+-F  Potentials 

Ve  now  wish  to  generate  potential  expressions  for  the  Interactions 
of  hydrogen  ions  (H+,  Hg+)  with  CgHg  and  CgFg  from  a  previous  knowledge  of 
the  Interactions  of  hydrogen  Ions  with  CgHg  and  CgFg.  The  first  approximation 
one  could  make  is  to  assume,  for  example,  that  the  H+-CH^  and  H+-CgHg  potentials 
were  due  solely  to  the  sum  of  the  Interactions  between  the  H+  and  the  periph¬ 
eral  hydrogen  atoms  on  the  carbons.  With  this  assumption  It  is  possible  to 


obtain  an  effective  H+-*-H  potential  from  the  experimental  H+-CH^  potential 
an*  use  this  to  determine  the  H+«CgHg  potential. 

This  can  hi  done  In  the  following  way.  Previously,  it  has  been  shown10 
that  If  the  potential  energy  between  two  atoms,  A  and  B,  la  of  the  font 

•on  . 

V  »  YQe  ,  and  If  one  of  the  atone  la  at  a  distance  d/2  fren  the  center  of 
naas  (see  Fig.  l),  then  the  potential  averaged  over  all  orientations  of  the 
B  a ton,  always  keeping  the  distance  d/2  fixed.  Is  given  by 

<V(R)>  *  Y^"®*  (a^d)'1  ^2(aR*l)ainh(ad/2)  cosh(0d/2)J  ,  (2) 

where  R  la  the  distance  fren  the  center  of  naas  to  the  A  aton.  With  our 
asaunptlons,  the  measured  H+-CHJ|  potential  should  be  Just  four  tines  Bq.  (2) 

If  d/2  Is  taken  to  be  the  C-H  distance  In  CH^  and  YQ  and  a  are  the  psraneters 
In  the  effective  potential  between  the  H+  and  a  hydrogen  aton  In  nethane.  YQ 
and  a  were  determined  by  successive  approximations  until  four  tines  2q.  (2) 
fitted  the  H+-CH^  potential  within  experimental  error.  The  H+-C2Hg  potential 
could  then  be  determined  from  these  parameters.  Under  our  assumptions,  this 
potential  should  be  six  tines  Eq.  (2)  with  d/2  being  the  distance  from  a 
peripheral  H  aton  and  the  midpoint  Of  the  C-C  bond  In  ethane.  The  result 
Is  given  In  Table  n  A  and  Is  shown  along  with  the  experimentally  determined 
H+-C2Hg  potential  In  Fig.  2.  The  two  curves  agree  to  within  a  factor  of 
two  over  the  ranges  covered  In  the  experiments. 

An  exactly  similar  procedure  was  followed  for  the  H^-CF^  and 
H+-CgFg  potentials  and  the  result  Is  also  given  In  Table  II  A.  The 
H+-C  2?g  curve  along  with  the  experimental  one  Is  shown  In  Fig.  ?. 

They  agree  to  within  a  factor  of  two. 

The  Hg+-CH^  and  -CgHg..  P°tentlalB  oan  be  ln  a  somewhat 

similar  manner  If  one  assumes  that  the  potential  is  Just  the  sum  of  the 
potentials  between  the  hydrogen  ln  Hg+  and  the  peripheral  atoms  in  CH^ 
and  CgHg.  Instead  of  Eq.(2),  we  have  11  (see  Fig.  lb) 
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^Y(R)^  -  Y^e^a^dg)"1  |M«R42)  slnh  (ad^)  ainh  (adg/2) 

-Madj/2)  slnh  (adg/2)  eoah  (adj/2)  (3) 

-4(adg/2)  ainh  (adj/2)  eoah  ( 

This  corresponds  to  a  potential  between  two  apoeloa  A  and  B  whloh  are  at 

fixed  distances,  ‘ ,/2  and  dg/2,  fro*  two  polnta  0  and  O’,  tho  potential 

being  averaged  over  all  relative  erlentatlana  of  A  and  B  subject  only  to 

d1/2  and  dg/2  being  held  fixed.  VQ  and  a  are  agfeln  the  paraneters  In  the 

potential  between  A  and  B,  R  la  the  distanee  between  0  and  O'.  If  our 

as sumptions  are  correct,  the  Hg+^JH^  potential  should  be  eight  tinea  Eq.  (3) 

If  d^  la  the  bond  distance  In  Hg+  and  dg/2  la  the  bond  length  In  methane . 

Y#  and  a  were  accordingly  deter* lned  by  auoceaalve  approx last Iona  until 

the  Hg+-CH^  curve  was  reproduced  to  within  experl sental  error.  With  theae 

parameters,  the  H^-CgH^  potential  was  easily  determined  since  It  should  be 

Just  twelve  times  Eq.  (3)  If  dg/2  Is  the  distance  from  a  peripheral  hydrogen 

atom  and  the  midpoint  of  the  C WC  bond  In  ethane.  The  result  Is  given  In 

Table  UA  and  the  calculated  curve  along  with  the  experimental  curve  la 

ahdwn  In  Fig.  Again  the  curves  agree  to  within  a  factor  of  two. 

+  +12 

The  same  procedure  was  used  to  correlate  the  Hg  -CF^  and  Hg  -CgFg 
potentials  with  the  results  given  In  Table  HA.  The  experimental  and  calcu¬ 
lated  curves  are  shown  In  Fig.  5-  The  agreement  Is  within  a  factor  of  two. 

1 

POTENTIALS  FROM  POINT  CENTER  OF  FORCE  ASSUMPTIONS 


It  Is  Interesting  to  compare  the  above  approximate  procedure  with 
one  which  assumes  that  the  interactions  are  between  various  point  centers 
of  force  on  the  Interacting  systems.  For  example,  ethane  was  regarded  as 
two  methane  molecules  separated  by  the  normal  C-p  distanee  in  ethane.  Then 
fremfeqa.  (2)  and  (3)  one  can  easily  calculate  the  H+-CgHg,  H+-CgFg,  Hg+-CgHg, 
and  Hg+-CgFg  potentials.  In  these  eases  the  paraneters  VQand  a  are  simply 
those  obtained  from  the  experimental  scattering  data  on  the  corresponding 

H^-CFj^,  Hg+-CHlf,  and  Hg+-CF^  systems.  The  results  are  given  In  Table  XXB 
and  are  shown  In  Figs.  2-3.  A  comparison  of  these  values  with  the  results 
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of  the  former  approximation  shows  that  the  average  calculated  potential 
increased  by  from  ten  to  thirty  percent  for  all  systems.  This  means  that 
the  experimental  potentials  were  more  closely  reproduced  in  all  but  the  H+-C2Hg 
system  by  a  crftde  assumption  involving  point  centers  of  force.  These 
two  approximate  methods  of  deducing  average  ion-molecule  potentials  lead  to 
strikingly  similar  results,  particularly  for  the  H^-CgH^  interaction. 

A  further  calculation  on  the  H2+-CgHg  and  H2+“C2F6  ayBteiB*  aMumed 
that  H2+  was  one  point  center  of  force.  These  potentials  were  then  cal¬ 
culated  from  Eq.(2)  with  V  and  a  determined  from  the  corresponding 
experimental  H^-CH^  and  -CF^  potentials.  This  assumption,  within 
experimental  error,  did  not  appreciably  change  the  results  of  the  other 
point  center  of  force  assumption.  The  results  of  this  calculation  are 
given  in  Table  Etc  and  are  shown  in  Figs .(k)  and  (5). 

SUMMARY 

The  potentials  for  the  interactions  between  hydrogen  ions  (H+,Hg+) 
and  CH^,  CgHg,  CF^,  and  CgF^  have  been  determined  at  small  distances  of 
interaction  from  the  experimental  elastic  scattering  cross  sections  for 
the  various  systems.  The  H+-CH^  potential  governing  the  scattering  appears 
to  be  purely  repulsive.  There  is  no  indication  that  this  potential  has  a 
deep  minimum  as  one  might  expect  from  the  existence  of  the  stable  CH +  ion 
and  the  mass  spectrcgraphlc  estimate  of  a  proton  affinity  of  more  than 
5  ev  for  CH^.  It  IB  postulated  that  the  CH^  molecule  in  these  scattering 
measurements  does  not  have  time  to  rearrange  Itself  as  the  fast  moving 
H+  approaches  and  so  the  normal  potential  curve  is  not  followed. 

It  has  been  possible  to  correlate  H+-CHr,  H2+-CH^,  H+-CF^,  aiid 
h2+-GF4  potentials  with  the  H^-C^  and  H2+-C2F6  potentials 

by  several  crude  semi -empirical  approximations.  One  approximation  assumes 
that  the  potential  between  the  ion  and  the  organic  molecule  is  due  mainly  to 
the  sum  of  the  potentials  between  the  peripheral  atoms  and  the  ion.  This 
assumption  enables  one  to  calculate  the  H+-CgHg  potential  to  within  a  factor 
of  two  from  a  previous  knowledge  of  the  H+-CH^  potential.  The  same  procedure 
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gives  similar  results  for  the  other  pairs  of  interacting  systems. 

The  second  scheme  is  a  point  center  of  force  approximation  in  vhich  it 
is  assumed  that  CgHg  (C2Fg)  looks  to  the  oncoming  ions  like  two  CH^  (CF^) 
molecules  separated  by  the  normal  C-C  bond  distance.  The  potentials  so  calcu¬ 
lated  are  generally  in  even  better  agreement  with  the  measured  potentials  than 
the  previous  approximation.  The  further  assumption  that  Hg+  is  a  single  point 
center  of  force  leads  to  results  almost  identical  with  the  second  approximation 
scheme . 

These  results  suggest  that  it  may  be  possible  to  predict  interactions 
between  complex  systems  with  fair  accuracy  on  the  basis  of  a  limited  number 
of  measurements  on  simpler  systems. 
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TABLE  I.  Average  potential  functions  of  hydrogen  Ion  Interactions 
with  methane,  methferane,  ethane  and  ethforane  from 
scattering  data. 


System 

Potential  (ev) 

Range  (A) 

H+-CHi, 

1.04  x 

1(A  exp( -3 .627  R) 

1.97  -  3.39 

2.74  X 

10 *  exp( -4.192  R) 

1.94  -  2.94 

s*^6 

1.84  x 

103  exp( -2.546  R) 

2.04  -  3.27 

h2+-C2H6 

6.99  x 

10k  exp( -3.754  R) 

2.34  -  3.47 

h+-cf^ 

4.94  X 

101  exp( -1.353  R) 

1.42  -  3.20 

H2+-CF4 

1.88  x 

102  exp( -1.941  R) 

1.76  -  3.16 

hHf6 

1.81  X 

102  exp( -1.452  R) 

2.02  -  4.45 

H2+-C2P6 

6.16  X 

102  exp( -1.850  R) 

6.53  -  4.16 
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TABLE  II.  Average  Potential  functions  of  hydrogen  ion  interactions  with 
ethane  and  ethforane  from  hydrogen  ion  -methane  and  -methforane 
scattering  data. 


System 

Potential  (ev) 

Range  (a) 

A.  Prom  Effective  H+-H,  H+-F  Potentials 

H+-°2H6 

2.52  x  10^  exp( -3.452  R) 

2.17  -  3.50 

H2+*C2H6 

2.45  x  10**  exp( -3.517  R) 

2.16  -  3.07 

h+-C2F6 

8.64  x  101  exp( -1.293  R) 

...  „  3.33 

H2+-°2P6 

2.02  x  102  exp( -1.706  r) 

2.11  -  3.30 

B.  Assumption: 

CgHg  and  CgPg  are  Di-point  centers  of  Force 

H+-C2H6 

3.92  x  10  exp(-3»536  R) 

2.07  -  3.45 

H2+-C2H6 

1.07  x  105  exp( -4.003  R) 

2.05  -  3*01 

h+-c2f6 

9.60  x  101  exp( -1.297  R) 

1.55  -  3.26 

H2+-=2P6 

3.89  x  102  exp( -1.882  r) 

1.71  -  3.13 

C.  Assumption: 

H2+-CpHg  and  H2+-C2Fg  are  Tri« 

•point  Centers 

of  Force. 

H2HH6 

I.25  x  105  exp( -4 .059  5R) 

2.05  -  3*01 

V-V6 

4.00  x  102  exp( -1.890  r) 

I.87  -  5.22 

FIGURE  CAPTIONS 


m.\b  Diagram  illustrating  distances  involved  in  obtaining  average 
molecule -molecule  potentials  from  a  knowledge  of  effective 
atom-atom  potentials . 

Flg«  2.  H+-C2H^  potentials  obtained  by  different  methods. 

Curve  (a):  from  scattering  data. 

Curve  (b):  from  peripheral  atom  treatment. 

Curve  (c):  from  point  center  of  force  assumptions. 

Fig.  3»  H+-C2Fg  potentials  obtained  by  different  methods. 

Curve  (a):  from  scattering  data. 

Curve  (b):  from  peripheral  atom  treatment. 

Curve  (c):  from  point  center  of  force  assumption. 

Fig.  4.  H2+-C2Hg  potentials  obtained  by  different  methods* 

Curve  (a):  from  scattering  data. 

Curve  (b):  from  peripheral  atom  treatment. 

Curve  (c):  from  point  center  of  force  assumption. 

Fig.  5.  H2+-C2Fg  potentials  obtained  by  different  methods 

Curve  (a):  from  scattering  data. 

Curve  (b):  from  peripheral  atom  treatment 
Curve  (c):  from  point  center  of  force  assumption. 
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